Abstract. Among 60 ultraviolet-induced missense mutations of the structural genes that code for mitochondrial malate dehydrogenase (M-MDH, EC 1.1.1.37) of Neurospora crassa, two enzyme phenotypes are observed. In a previously described class (C-mutants), M-MDH is malfunctional because of an abnormal conformation induced by association with mitochondria. We describe here a second class (K-mutants) in which the enzyme is malfunctional because of an altered subcellular location. Thus, although both classes cause lesions in the assimilation of exogenous malate, the nature of the lesions differs. In C-mutants, the enzyme misfunctions because of low affinity for malate but remains mitochondrial-bound as in wild-type. Conversely, K-mutant M-MDH is dispersed throughout the cytoplasm.
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Studies of a repressible "glyoxysome" isozyme and a constitutive M-MDH of prototroph and mutants indicate that both isozymes are encoded by the same nuclear structural genes and have polypeptide subunits in common.
The inner space of an eucaryotic cell consists of as many as ten classes of membrane systems, each with a unique complement of enzymes.1 Of the 1000 or so enzymes,2 at least 200 may be uniquely localized with the various membranous systems.1 3 The molecular and genetic principles underlying this remarkably precise phenomenon are not well understood. However, recent studies of two of the more well-defined and amenable organelles, mitochondria and chloroplasts, have begun to formulate the first principles of enzyme locational specificity and membrane biogenesis.4'5
Enzymes of mitochondria and chloroplasts are generally encoded by nuclear genes, synthesized on cytoplasmic ribosomes, and then incorporated into the organelles.4 5 Thus, although these membrane systems have unique genes and are also capable of protein synthesis, neither the subcellular location of the genes nor the site of message translation necessarily determines the final location of enzymes.
Exceptions to the unique location of enzymes in the cell are those enzymes that catalyze the same reaction simultaneously at different subcellular locations and perform different physiological roles.6 Such a subclass of isozymes will be called "heterotopes." The structural basis of isozymes has been extensively studied;6 however, the molecular genetics of the most obvious property of heterotopes, their different location, is not well understood.
An extensively investigated pair of heterotopes are the malate dehydrogenases (EC 1.1.1.37) (MDH), characteristically associated with mitochondria (M-M\IDH) or the cytosol (C-MDH).7 Although the latter is called the "cytoplasmic" or "soluble" isozyme (S-MDH), recent studies indicate that S-MDH may associate with another membranous organelle called the "glyoxysome" and participate in the glyoxylate cycle.8 Thus, these heterotopes have distinct physiological roles which are performed at different subcellular locations.
Previous studies9-20 of Neurospora M-MDH indicated that two unlinked nuclear structural genes, ma-i and ma-2, encode two polypeptides of different sequence, a and ft, which occur in the tetrameric enzyme as a3f3.2' Evidence from physiological, genetic, and biochemical experiments indicated that the specificity of location was intrinsic to the genetically-determined structure of both the enzyme and a protein of the mitochondrial membrane called structural protein. On the basis of these studies, a tentative model of enzyme localization was suggested,"6 in extension of a theoretical proposal of Mitchell32 that a region (or regions) of the enzyme, called locational specificity site, specifically associates with a receptor-site protein in the membrane.33 Thus, missense mutations of either membrane or enzyme structural gene could cause malfunction of the enzyme in vivo as a result of abnormal association with membrane. Abnormal association could, at extremes, result in two enzyme phenotypes: abnormal conformation or gross subcellular dislocation. Analyses of 10 malate-assimilation mutants, selected at random from 60 independently-isolated mutants, revealed the first class, which we call C-mutants. In this paper, we describe the second class, represented by 14 mutants, which are called K-mutants. The remaining 36 are of the C-type or are intermediate between the two classes.
During these studies, the metabolic regulation and properties of a cytoplasmic enzyme (S-MDH) in Neurospora (wild-type) were examined.39-42 S and M-1\IDH of the wild-type differ in kinetic, inhibition, immunological, electrophoretic, and metabolic regulation properties.39-42 In addition, S-and M-M\IDH of Neurospora, porcine, and bovine heart differ in their association with homologous mitochondrial structural protein, as evidenced by inhibition and fluorescence-polarization titration analyses.43 Since other experiments indicated structural protein may serve as a possible "receptor" protein of M-MIDH,16'8 S-MDH and the M-MDH of K-mutants appeared to be analogous. Therefore, it was of interest to examine the genetic relations of S-and M-MDH. The results of analyses by electrophoresis and isoelectric focusing of S-and M\1-MTIDH of wild-type, and C-and K-mutants, indicate that the two heterotopes have the polypeptides, a and fl, in common. A tentative mechanism is discussed that would allow S-and M1-MDH to differentially associate with glyoxysomal and mitochondrial membranes.
Materials and Methods. Genetic analysis: Malate-assimilation mutants were isolated from a succinate-requiring prototroph (suc-46605-21-6A) after ultraviolet irradiation of conidia.9 Reciprocal backerosses of K-type malate mutants were made on corn meal agar.9 Progeny arising from random ascospores from 1-month old crosses were analyzed as previously described.9 Complementation tests were performed with various sister lines of backeross progeny by the following method. Uniform conidial concentrations in 0.1 ml water were transferred to 3-inch tubes that contained 1 ml of Fries' minimal medium, supplemented with 2% sucrose and L-malate (200 /Ag/ml) and DLtartrate (20 ,ug/ml), at 300C. The tartrate reduces the leakiness of the prototroph. Tubes were scored visually for growth at daily intervals up to 5 days when the prototroph control began to grow on minimal medium. Presumptive heterocaryons were isolated from the growth tubes and tested in comparison with the individual components for linear growth rates as previously described. 9 Mycelial cultures and fractionation: Conidia (5 X 107) were transferred to 20 ml of Fries' minimal medium, containing 2% sucrose and 3.3 mM L-asparagine, in 125 ml Erlenmeyer flasks, and incubated for 2 days at 27CC in stationary culture. Mitochondria and cytosol were prepared by methods previously described.39'40 Latent M-MDH was released prior to assay by storing mitochondria overnight at 40C in phosphate buffer plus 0.1 M KCl. This method was preferred to other methods of disruption in that it leads to the least uncertainty about mutant enzyme stability.
Enzyme assays: Automatic analysis. Cytosol and mitochondrial fractions of 60 mutants were assayed in duplicate after various growth and preparatory procedures. A basic Technicon autoanalyzer (Technicon Corp., Ardsley, N. Y.) with colorimeter was used in early experiments at a sample rate of 40/hr. Initially, a colorimetric "GOT" (aspartate aminotransferase, EC 2.6.1.1) plattern was adapted to perform colorimetric analysis of oxaloacetate produced from malate and NAD.
Non-automatic assays of MDH. After MDH activities in cytosol and mitochondrial fractions of the 60 malate-mutants were surveyed by the above automatic methods, 14 K-mutants were selected for additional study. Conventional continuous assays measured NADH oxidation or NAD reduction with a Gilford, model 2000, recording spectrophotometer, as previously described.39 40 Electrophoresis, isoelectric focusing, culture, and enzyme induction methods were previously described.39 40 Results. Subcellular location of MDH: The distribution of M-MDH activity between the cytosol and mitochondrial fraction of the 60 malate-assimilation mutants and the prototroph is summarized in Fig. 1 40 The increase in cytosolic M-MDH activity in non-derepressed cells is paralleled by a decrease in mitochondrial activity (Table 2 ) which might reflect a relatively greater susceptibility of K-mutant mitochondria to disruption during isolation; however, that appears unlikely since the average total mitochondrial protein per gram of cells is the same in K-and C-mutants and prototroph (Tables 1 and  2 ). In addition, the average excess of M-MDH activity in the K-mutant cytosol is six times greater than that of wild-type or C-mutants (Table 2) The results of those experiments appear to confirm the results of in vitro assays; namely, that M-MDH of K-mutants is scattered throughout the cytoplasm. In addition, the morphology of K-mutant mitochondria in situ appears normal; hence, enzyme dislocation is not a consequence of gross mitochondrial disorganization. Genetic analyses: Analyses of progeny from reciprocal backcrosses of Kmutants to the wild-type indicated that the inheritance is nuclear, with no linkage to the suc locus in linkage group I. Identical conclusions were made previously from studies of other alleles of the ma-1 and ma-2 loci.9
To test for functional allelism with the ma-i and ma-2 cistrons, complementation tests were performed with previously defined tester mutants: M-20, M-21, and M-24 of the C-class.9" 6 Complementation analyses of C-mutants9 47 indicate that intercistronic complementation is often not obtained, a result that is attributed to the heterologous poiypeptide subunits in the enzyme. Hence, one can only conclude whether an allele is at either or neither of the two cistrons. The complementation pattern clearly indicated that 7 of the 14 K-mutants are alleles of either one or the other of the two non-linked cistrons. The other seven mutants are "leaky" in that they slowly assimilate malate and are difficult to score unambiguously in these tests.
Electrophoretic and isoelectric properties of MDH: The relative electrophoretic mobilities and isoelectric points of S-and M-MDH, from two heteroallelic C-mutants of each of the two structural genes, after derepression of S-M\DH by culture on acetate, are summarized in Table 3 . These data indicate that the C-mutant enzymes are more acidic proteins than the prototroph and that mutation at either locus simultaneously alters the net charge of both Sand M-MDH. Previous studies'0 indicated that the amino acid replacement in M-24 is Arg --Trp in the alpha subunit, an observation consistent with the increased acidity.
Analyses of mobilities and isoelectric points of K-mutant MDH are summarized in Table 4 . In 9 of 12 mutants, the isozymes are simultaneously altered in charge. Mutants 2, 3, and 8 were not altered in either enzyme. Because mutants 2 and 3 complement as structural cistrons, the lack of detectable charge alteration may indicate amino acid replacement involving neutral or hydrophobic residues.
The data in Table 4 clarifiy the genetics of the seven leaky mutants that are unclassifiable by complementation. Thus, five of the seven have 1IDH with altered charge and therefore are probably alleles of the ma loci.
Discussion. The present experiments, together with previous analyses of Neurospora MDH isozymes, restrict the number of models that could reasonably describe the mechanism of localization. Thus, the K-mutant class of missense mutants demonstrates that the least difference required for localization of MDH can be one amino acid residue. Hence, S-and M-forms in wildtype Neurospora could have genetically common polypeptide subunits, as observed, yet differ in at least one amino acid residue. Such a difference could perhaps arise by modification of an amino acid side-chain by the action of other enzymes; phosphorylation of serine or methylation of lysine are possibilities. An apparent precedent for this model is found in the case of Neurospora cytochrome c which exists in two forms, cytoplasmic and mitochondrial. Complete sequential analysis reveals that they differ only at position No. 72 in lysine and N-e-methyl lysine, respectively.51 Unfortunately, however, the metabolic significance of the cytoplasmic form is not known. It could perhaps be only a precursor to the mitochondrial form.
In the case of Neurospora MDH, there are indications that the cytoplasmic isozyme has a specific function and is not merely a precursor to the mitochondrial form. Recent studies by Kobr et al.8 demonstrate the association of S-MDH with glyoxysomes. In addition, during a five-fold derepression of S-MDH, the level of M-MDH remains relatively constant, suggesting that the amount of M-MDH localized in mitochondria is independent of the pool of S-MDH. 40 The membrane-binding capabilities of both isozymes redirect attention to the role of membrane proteins in enzyme localization. Previous experiments indicated that purified M-MDH binds mitochondrial structural protein in a 1:1 molar ratio.17'40 Moreover, a protein of approximately 3000 molecular weight has been found in a sample of MI-M\DH purified several hundred times. By an improved polyacrylamide gel electrophoresis (with SDS) method,50 this protein has been equated with the "miniproteins" that constitute structural protein.4550 According to the "miniprotein" hypothesis, there may be six to eight distinct proteins of similar molecular weight which aggregate in varying proportion in different membranes.45 Thus, the affinity of an enzyme for a specific membrane, e.g. M\I-MDH for mitochondrial membrane and S-MDH for glyoxysomal membrane, may lie in the relative proportion of each of the "miniproteins" in that membrane.
